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application†
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Dong Won Lee,a Seung Hee Lee*a and B. D. Malhotra*bef

In this paper, we present results of the studies related to fabrication of a rare earth metal oxide based

efficient biosensor using an interface based on hydrothermally prepared nanostructured thulium oxide

(n-Tm2O3). A colloidal solution of prepared nanorods has been electrophoretically deposited (EPD) onto

an indium-tin-oxide (ITO) glass substrate. The n-Tm2O3 nanorods are found to provide improved

sensing characteristics to the electrode interface in terms of electroactive surface area, diffusion

coefficient, charge transfer rate constant and electron transfer kinetics. The structural and morphological

studies of n-Tm2O3 nanorods have been carried out by X-ray diffraction (XRD), scanning electron

microscopy (SEM), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and

Fourier transform infrared (FTIR) spectroscopic techniques. This interfacial platform has been used for

fabrication of a total cholesterol biosensor by immobilizing cholesterol esterase (ChEt) and cholesterol

oxidase (ChOx) onto a Tm2O3 nanostructured surface. The results of response studies of the fabricated

ChEt–ChOx/n-Tm2O3/ITO bioelectrode show a broad linear range of 8–400 mg dL�1, detection limit of

19.78 mg (dL cm�2)�1, and high sensitivity of 0.9245 mA (mg per dL cm�2)�1 with a response time of

40 s. Further, this bioelectrode has been utilized for estimation of total cholesterol with negligible

interference (3%) from analytes present in human serum samples. The utilization of this n-Tm2O3

modified electrode for enzyme-based biosensor analysis offers an efficient strategy and a novel interface

for application of the rare earth metal oxide materials in the field of electrochemical sensors and

bioelectronic devices.
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Introduction

The rare earth (RE) metal oxides have recently aroused much
interest from researchers actively engaged in different scientic
disciplines including materials science, bioscience and nano-
technology due to their interesting properties and potential
applications.1–7 The RE metal oxides have been found to display
high surface basicity, fast oxygen ion mobility, efficient charge
transfer ability and interesting catalytic properties.8 These
properties have been predicted to be useful for their application
as bioprobes, drug discovery, medical diagnostics, genetic
analysis, ow cytometry and sensing. Among the various RE
metal oxides, thulium oxide (Tm2O3) is being used in X-ray
equipment,9 as an active agent of phosphors,10 as a control
material of atomic reactors,11 as a luminescent material,12 and
in medical13 and semiconductor applications.14 Thulium oxide
has also been found to be a promising material for fabricating a
sensing membrane of an ion-sensitive eld-effect transistor
(ISFET) and as an electrochemical impedance spectroscopy
(EIS) based sensing device due to its high dielectric constant
(�13), large energy band gap (>5 eV), and high chemical and
thermal stability.15 Sheng et al. found that a terbium
Nanoscale, 2014, 6, 1195–1208 | 1195
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hexacyanoferrate (TbHCF) modied electrode has a good elec-
trocatalytic activity towards ascorbic acid.16Meng et al. designed
a novel biosensor based on TmHCF nanoparticles entrapped in
a chitosan lm on the electrode surface for glucose detection.17

Li et al. fabricated a glucose oxidase immobilized naon-Tm2O3

lm and achieved direct electron transfer with an apparent
heterogeneous electron transfer rate constant (Ks) of 3.27 �
0.43 s�1.18 Tolstopyatova et al. investigated the catalytic prop-
erties of Tm2O3 for dehydrogenation and dehydration of
alcohols (CnH2n+1OH series) and the dehydrogenation of tetra-
lin.19 Additionally, Tm2O3 nanoparticles synthesized by the
hydrothermal method indicate an excellent biocompatibility
and provide a friendly microenvironment for electron transfer
between hemoglobin (Hb) and a Hb immobilized naon-Tm2O3

lm electrode.20

Total cholesterol estimation is considered to be very impor-
tant for patients suffering from heart disease, atherosclerosis,
hypertension, coronary artery disease, cerebral thrombosis,
arteriosclerosis, lipid metabolism dysfunction and other clinical
disorders that require continuousmonitoring of total cholesterol
in a biological sample.21,22 It is known that 70% of cholesterol
exists in ester form and 30% in free form in a blood sample.23

Traditionally, cholesterol is measured using non-enzymatic
spectrometry via production of colored substances such as cho-
lestapolyenes and cholestapolyene carbonium ions. Thismethod
suffers from poor specicity, instability of the color reagents,
standardization difficulties and corrosive nature of the reagent
used.24 Therefore, it is essential to develop a fast, sensitive and
selective technique to measure cholesterol in biological samples.
In this context, amperometric cholesterol biosensors have been
considered to be efficient devices due to good selectivity, sensi-
tivity, fast response and for reproducible data.25 The develop-
ment of electrochemical cholesterol biosensors has received
much interest because of ease of preparation, high sensitivity,
good specicity and fast response time. Moreover, the electro-
chemical biosensing involves a simple procedure and it does not
require any expensive equipment. Due to simplicity, rapidness
and cost-effectiveness, a cholesterol biosensor can be developed
using ChEt, ChOx and peroxidase immobilized onto various
membranes or matrices.26–30 With this in view, nanostructured
materials with different sizes and shapes can be utilized as
substrates for the immobilization of desired enzymes.31

Enzyme immobilization has recently attracted much interest.
However, the availability of a desired enzyme is frequently
inadequate due to instability, high cost and limited possibility of
economic recoveries of these biocatalysts.32 In this context, one-
dimensional (1D) metal oxide nanorods perhaps offer excellent
prospects for interfacing biological recognition events with
electronic signal transducer for fabrication of amperometric
biosensors and bioelectronic devices.33 This is because these
small dimensional structures can be used for efficient transport
of electrons. The large surface area coupled with the possibility
of tunable electron transport of these interesting nanostructured
materials due to quantum connement is known to play a
signicant role in the operation of the desired biosensor.34 Liu
et al. studied the electron transfer and photothermal effect of a
glucose biosensor using gold nanorods. They found that with
1196 | Nanoscale, 2014, 6, 1195–1208
decreasing particle size, the response current increases gradu-
ally resulting in increased enzyme loading that in turn leads to
enhanced current response.35,36

The preparation and application of n-Tm2O3 nanorods
towards the fabrication of an electrochemical cholesterol
biosensor is considerably important. For synthesis of nanorods,
a low temperature environment (200 �C) hydrothermal route of
synthesis can perhaps be used to obtain well-dispersed and
homogeneous distribution of nanorods.20,34 Many processes
have been proposed for deposition of thin lms of nano-
materials on a conductive electrode surface for the fabrication
of electrochemical bio-transducers. Among these, an electro-
phoretic deposition (EPD) technique is known to yield a
uniform, dense and porous lm with the advantages of reduced
processing time and simple experimental design. In particular,
as a wet process, EPD provides easy control of thickness and
morphology of the deposited lm by tailoring various parame-
ters such as deposition time, applied potential, etc.37,38

We report results of the studies related to the preparation of
Tm2O3 nanorods via a hydrothermal method for development
of a total cholesterol biosensor. Besides this, attempts have
been made to investigate electrochemistry of the interface,
resulting from immobilization of ChEt and ChOx onto an
n-Tm2O3 modied electrode electrophoretically deposited onto
an indium-tin-oxide (ITO) glass substrate.
Results
Structural and morphological studies

Fig. 1A and B show schematic of the preparation of n-Tm2O3

nanorods (random orientation) and the biochemical reaction
mechanism of the immobilized ChOx and ChEt to cholesterol
oleate, respectively. Fig. 2A shows X-ray diffraction pattern of
the hydrothermally synthesized n-Tm2O3. The observed
diffraction peaks corresponding to the planes (222), (400),
(411), (332), (431), (440), (611) and (622) are consistent with
the standard XRD data for the Tm2O3 phase (JCPDS le no.
10-0350). Moreover, the presence of sharp XRD peaks suggest
crystalline nature of the synthesized n-Tm2O3. No other
phases are seen revealing the phase purity of the n-Tm2O3

sample.
Fig. 2B and C show TEM images of the as-synthesized

n-Tm2O3 nanoparticles indicating a rod-like structure. A quanti-
tative analysis of size distribution of n-Tm2O3 nanorods obtained
through the TEM studies is shown in Fig. 2D & E. As shown in the
gure, the histogram (length/diameter of nanorods) tted by
Gaussian function reveals that the synthesized nanorods have an
average length of �610 nm and a diameter of �70 nm.
Fourier transform infrared spectroscopy

FT-IR spectra (in the range of 400–4000 cm�1) of the
n-Tm2O3, n-Tm2O3/ITO electrode and ChEt–ChOx/n-Tm2O3/
ITO bioelectrodes are shown in Fig. 3A. The FT-IR spectrum
of n-Tm2O3 powder (curve a) exhibits weak bands at 3428
cm�1 corresponding to O–H stretching due to physically
adsorbed water. The small peaks seen at 1510 and 1383 cm�1
This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/C3NR05043B


Fig. 1 (A & B) Schematic illustration for the preparation of n-Tm2O3 and the biochemical reaction mechanism of ChOx and ChEt towards
cholesterol oleate.
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View Article Online
are due to adsorbed carbonate and chlorate moieties. The
two strong absorption bands of n-Tm2O3 nanorods appear at
575 and 517 cm�1 pertaining to the stretching vibration
mode of the metal oxide (M–O) bond. Aer deposition of
n-Tm2O3 onto the ITO coated glass surface (curve b), the
broadening of the metal oxide bond (M–O) is observed due to
electrostatic interactions between the surface functionalized
ITO coated glass electrode and metal oxide. However, aer
immobilization of the enzymes (ChOx and ChEt) onto the
n-Tm2O3/ITO electrode surface, the characteristic peaks seen
at 1580 cm�1 and 1181 cm�1 are assigned to C–O stretching
of the amide bands in protein revealing the presence
of enzymes at the ChEt–ChOx/n-Tm2O3/ITO bioelectrode
(curve c) via electrostatic interactions.30,39 The peak at
1367 cm�1 corresponds to the asymmetric and symmetric
bending vibrations of enzymes (ChOx and ChEt) CH3

groups.40 Fig. 3B and C show scanning electron microscopy
images of n-Tm2O3 nanorods. The randomly distributed
n-Tm2O3 nanorods exhibit a rod-like spindle morphology
with a high degree of cluster formation.
This journal is © The Royal Society of Chemistry 2014
X-ray photoelectron spectroscopy

The composition of the synthesized n-Tm2O3 has been exam-
ined by XPS measurements. The wide range XPS survey spec-
trum of the synthesized sample exhibits no impurities except
for carbon as the reference. The deconvoluted spectra of Tm 4d
and O 1s are shown in Fig. S1 in the ESI.† The position of Tm 4d
and O 1s peaks shows the binding energies to be 176 eV and
530.4 eV suggesting the formation of Tm2O3. The O 1s centered
around 530 eV can be ascribed to the metal oxide bond.41 The
Tm and O ratio determined using themeasured peak intensities
(area) of Tm 4f and O 1s and the atomic sensitivity factor found
to be 1 : 1.6 indicating that Tm in the lm is totally oxidized.
Cyclic voltammetric studies

Fig. 4A shows a typical cyclic voltammetric (CV) curve obtained
for the bare ITO, n-Tm2O3/ITO electrode and ChEt–ChOx/n-
Tm2O3/ITO bioelectrode, respectively, in PBS (50 mM, pH 6.0,
0.9% NaCl) containing [Fe(CN)6]

3�/4� (5 mM) at a 30 mV s�1

scan rate in the potential range of �0.3 V to 0.7 V. The CV of
Nanoscale, 2014, 6, 1195–1208 | 1197
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Fig. 2 (A) X-ray diffraction pattern. (B & C) TEMmicrograph of the Tm2O3 nanorods and (D & E) histograms and Gaussian fits for length (nm) and
diameter (nm) of synthesized n-Tm2O3 nanorods respectively.
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bare ITO (curve a) exhibits well-dened electrochemical char-
acteristics with a couple of redox peaks for the [Fe(CN)6]

3�/4�

mediator and shows an oxidation peak current (Ipa) of 0.18 mA.
Aer EPD of n-Tm2O3 nanoparticles onto bare ITO (curve b), the
magnitude of the oxidation peak current increases to 0.27 mA
due to the cationic nature of n-Tm2O3 nanoparticles on the ITO
surface. The electrocatalytic ability, increased surface area and
surface energy of n-Tm2O3 nanorods help to facilitate the elec-
tron transfer. Moreover, the magnitude of the oxidation peak
current further increases aer immobilization of ChEt and
ChOx enzymes (1 : 1) onto the n-Tm2O3/ITO electrode, resulting
in an increased peak current with oxidation (Ipa) and reduction
(Ipc) peaks at 0.33 mA and �0.32 mA, respectively (curve c). This
may perhaps be due to the fact that the n-Tm2O3/ITO electrode
provides an electroactive surface area that promotes electron
1198 | Nanoscale, 2014, 6, 1195–1208
conduction pathways and enhanced electron movement
between the active site of enzymes and the electrode and the
availability of non-binding sites onto enzymes and the
n-Tm2O3/ITO electrode, results in accelerated electron transfer
in the interface. The results of the differential pulse voltam-
metry (DPV) studies (see Fig. S2 in the ESI†) reveal similar
electrochemical behaviour of the redox potential.

To investigate the interfacial kinetics of the ChEt–ChOx/n-
Tm2O3/ITO bioelectrode surface, CV studies have been con-
ducted as a function of scan rate varying from 10 to 100 mV s�1

(Fig. 4B). It can be seen that magnitudes of both anodic (Ipa) and
cathodic (Ipc) peak currents increase linearly with square root of
scan rate (y1/2) (Fig. 4C). With increasing scan rate the oxidation
peak shis towards more positive potential and similarly
reduction peak shis towards more negative potential,
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 (A) FTIR spectra of (a) Tm2O3 nanorod powder, (b) n-Tm2O3/ITO film, and (c) ChEt–ChOx/n-Tm2O3/ITO bioelectrode. (B & C) SEM image
of n-Tm2O3 nanorods at different magnifications.

Fig. 4 (A) Cyclic voltammogram of a bare ITO electrode (a), the n-Tm2O3/ITO electrode (b) and the ChEt–ChOx/n-Tm2O3/ITO bioelectrode (c).
(B) CV curve of the ChEt–ChOx/n-Tm2O3/ITO bioelectrode using an increasing scan rate of 10 to 100 mV s�1. (C) The magnitude of the current
vs. potential difference as a function of square root of scan rate (10–100 mV s�1) and (D) peak potential shows that the linear relationship with
logarithmic function of scan rate was measured in PBS (50 mM, pH 6.0, 0.9% NaCl) containing [Fe(CN)6]

3�/4� (5 mM) at a 30 mV s�1 scan rate in
the potential range of �0.3 V to 0.7 V.

This journal is © The Royal Society of Chemistry 2014 Nanoscale, 2014, 6, 1195–1208 | 1199
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indicating that the redox process is quasi-reversible. The peak
potential also shows a linear relationship with logarithmic
function of scan rate (Fig. 4D). The value of electron transfer
co-efficient (a), for n number of electrons, has been calculated
from two straight lines with a slope equal to 2.3RT/(1 � a)nF for
the anodic peak and �2.3RT/anF for the cathodic peak, using
Laviron's equations.42 The electron transfer co-efficient (a) for
the ChEt–ChOx/n-Tm2O3/ITO bioelectrode has been found to
be 0.1453.

The change in value of the charge transfer rate constant (Ks)
of the electrode due to surface modication has been calculated
by following43 eqn (1).
Ks ¼ mnFv/RT (1)

where m is the peak-to-peak separation (V), F is the Faraday
constant (96 485 Cmol�1), v is the scan rate (30 mV s�1), n is the
number of transferred electrons (2), R is the gas constant
(8.314 J mol�1 K�1) and T is the room temperature (25 �C). The
Ks value of the n-Tm2O3/ITO electrode and the ChEt–ChOx/
n-Tm2O3/ITO bioelectrode has been found to be 2.076 s�1 and
1.315 s�1 respectively. The increased Ks value at the surface of
the n-Tm2O3/ITO electrode clearly indicates that both the
electronic structure and surface physicochemistry of the Tm2O3

nanorods contribute to increased electron transfer arising from
high catalytic behaviour of Tm2O3 nanoparticles. However the
fabricated bioelectrode exhibits faster electron transfer kinetics.
This may perhaps be due to oriented immobilization of the
biomolecules on the n-Tm2O3/ITO electrode surface that
provides an easier path for the transfer of electrons from the
redox species to the electrode and vice versa.44 The anodic (Epa)
and cathodic (Epc) peak potentials and potential peak shi
(DEp ¼ Epa � Epc) exhibit a linear relationship (see Fig. S3 in the
ESI†) with scan rate. These results reveal that the biochemical
reaction at the electrode is a diffusion controlled process. The
diffusion co-efficient value (D) for free diffusion of
[Fe(CN)6

3�/4�] from electrolyte solution to the corresponding
electrode surface has been calculated using the Randles–Sevcik
equation.45
Ip ¼ (2.69 � 105)n3/2AD1/2Cv1/2 (2)

where Ip is the peak current of the corresponding electrode
(Ipa anodic and Ipc cathodic), n is the number of electrons
involved or electron stoichiometry (1), A is the surface area of
the bioelectrode (0.25 cm2), D is the diffusion co-efficient, C is
the surface concentration in mol (5 mM) and v is the scan rate
(30 mV s�1). It can be seen from Table 1 that the ChEt–ChOx/
n-Tm2O3/ITO bioelectrode shows a higher D value (3.19 � 10�5

mol cm�2) as compared to that of the n-Tm2O3/ITO electrode
(2.17 � 10�5 mol cm�2). The electroactive surface area (Ae) of
the ChEt–ChOx/n-Tm2O3/ITO bioelectrode is determined from
the calculated diffusion co-efficient and the Randles–Sevcik
equation.46
Ae ¼ S/(2.99 � 105)n3/2CD1/2 (3)
1200 | Nanoscale, 2014, 6, 1195–1208
where S is the slope of the straight line obtained from the graph
of Ip versus y1/2. The Ae value of the ChEt–ChOx/n-Tm2O3/ITO
bioelectrode has been found to be 0.88 mm2.

It can be seen that the peak height varies directly with the
sweep rate (with linear regression coefficient 0.982), indicating
improved electrocatalytic behaviour. For a surface controlled
process, the surface concentration of ionic species of the
corresponding electrode can be estimated using the Brown-
Anson model22 based on eqn (4)

Ip ¼ n2F2gAv/4RT (4)

where n is the number of electrons transferred (1), F is the
Faraday constant (96 485 C mol�1), g is the surface concen-
tration of ionic species of the electrode (mol cm�2), A is the
surface area of the electrode (0.25 cm2), v is the scan rate
(30 mV s�1), R is the gas constant (8.314 J mol�1 K�1) and T is
the room temperature (25 �C). The surface concentration of
the ChEt–ChOx/n-Tm2O3/ITO bioelectrode (4.69 � 10�11 mol
cm�2) is higher than that of the n-Tm2O3/ITO (3.88 � 10�11

mol cm�2) electrode. This may perhaps be due to high surface
coverage of the immobilized enzymes onto the n-Tm2O3/ITO
electrode. Table 1 shows the values of interfacial kinetic
parameters of the corresponding electrodes during the
surface-controlled process.
Electrochemical impedance spectroscopy (EIS) studies

The Nyquist plot (Fig. 5A) demonstrates that semi-circle of the
bare ITO electrode (Rct ¼ 2.462 kU, curve a), a characteristic of a
diffusion limiting step of the electrochemical process,
decreases for the n-Tm2O3/ITO electrode (Rct ¼ 1.748 kU, curve
b). The decreased value of Rct is due to the high electrocatalytic
efficiency and large surface area of the Tm2O3 nanorods. These
results suggest that the electron transfer or conductive pathway
at the n-Tm2O3/ITO interface is more efficient between the
electrolyte and the electrode surface. However, aer immobili-
zation of the enzymes (ChOx and ChEt molecules) onto the
n-Tm2O3/ITO electrode surface, the value of (Rct ¼ 0.922 kU,
curve c) decreases due to reduced negative charge on the surface
by enzyme coverage and the presence of amino groups in the
enzymes.47,48 The decrease in RCT value may also be attributed to
the presence of a large number of polarizable groups such as
amine, etc. in the enzymes (ChOx and ChEt) molecules onto the
surface that are perhaps polarized at the open circuit potential.
The polarization may result in positive charge on the surface
that enhances mobility of the redox probe [Fe(CN)6]

3�/4� to the
electrode leading to the decrease of the charge transfer resis-
tance.2 Furthermore, ChEt and ChOx rearrange their structures
and provide a better micro-environment onto the n-Tm2O3/ITO
electrode whereas the secondary and tertiary structures of ChOx
play important roles for increased availability of active sites.
Thus the ChEt–ChOx/n-Tm2O3/ITO bioelectrode provides easier
electron transfer due to increased active sites for electrical
contact between the electrode and the redox label in solution,
resulting in improved diffusion of ferricyanide molecules
towards the electrode surface.49,50
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 (A) EIS of the bare ITO electrode (a), the n-Tm2O3/ITO electrode (b) and the ChEt–ChOx/n-Tm2O3/ITO bioelectrode (c). (B) CV studies of
the ChEt–ChOx/n-Tm2O3/ITO bioelectrode as a function of pH (ranging from 5.0–8.0) in phosphate buffer containing [Fe(CN)6]

3�/4�. (C)
Change in current as a function of pH of the PBS for the ChEt–ChOx/n-Tm2O3/ITO bioelectrode.

Table 1 Values of interfacial kinetic parameters of the corresponding electrodes during the surface-controlled process

Electrode
Anodic peak
current (Ip, A)

Charge transfer
rate constant (Ks, s

�1)
Diffusion
co-efficient (D, cm2 s�1)

Average surface
concentration (g, mol cm�2)

n-Tm2O3/ITO 2.71 � 10�4 2.076 2.17 � 10�5 3.88 � 10�11

ChEt–ChOx/n-Tm2O3/ITO 3.28 � 10�4 1.315 3.19 � 10�5 4.69 � 10�11
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Optimization of experimental variables

The effect of solution pH (5.0 to 8.0) on the electrochemical
behaviour of the ChEt–ChOx/n-Tm2O3/ITO bioelectrode is
measured by the CV technique in PBS (50 mM, 0.9% NaCl)
containing [Fe(CN)6]

3�/4� (5 mM) at a 30 mV s�1 scan rate
(Fig. 5B). It can be seen that the oxidation peak current
increases from pH 5.0 to 6.0 and the peak potential shis
towards lower potential and the highest magnitude of current is
obtained at pH 6.0 (Fig. 5C). When pH further increases from 6
to 8, the oxidation peak current decreases gradually and the
potential peak shis to the higher value. The limited electron
transport between the medium and the electrode may lead to a
decrease in the electrochemical signal at higher pH (�8.0).
These changes in the peak current may arise due to a decrease
in concentration of the positively charged moieties (Tm+3)
present at the matrix as the pH of PBS approaches its isoelectric
point (IEP); this could result in decreased interaction between
redox ions [Fe(CN)6]

3�/4� and the n-Tm2O3/ITO surface. Thus
pH 6 is selected as the optimum pH for further experiments for
This journal is © The Royal Society of Chemistry 2014
cholesterol detection and at this pH, enzymes retain their
natural structures in the interface and do not denature. The
electrochemical measurements have been conducted in tripli-
cate under identical conditions, and the measurements are
reproducible. Moreover, it appears that higher pH is respon-
sible for desorption of the enzyme, and the current response
decreases by 25% at pH < 8.0. The optimized working potential
of 0.3 V has been used (see Fig. S4 in the ESI†). Further
optimization of experimental conditions such as the amount of
ChOx and ChEt is maintained in the ratio of 1 : 1 to obtain the
maximum amperometric current. The optimum amount of
enzyme (ChEt + ChOx) solution used for immobilization onto
the surface of the n-Tm2O3/ITO electrode is 15 mL (see Fig. S5 in
the ESI†). The smaller amount of enzyme gives lower sensitivity,
possibly due to decreased loading of enzyme molecules. More-
over, when the amount of the enzymes is too large, the electrode
shows very high electrochemical impedance, resulting in
decreased sensitivity and increased response time. The ChOx/
ChEt loading has been found to affect amperometric response
Nanoscale, 2014, 6, 1195–1208 | 1201
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Fig. 6 (A) The bar graph shows the effect of different interferents on the electrochemical response of the ChEt–ChOx/n-Tm2O3/ITO bio-
electrode. (B) Shelf-life curve of the ChEt–ChOx/n-Tm2O3/ITO bioelectrode as a function of day. (C) Determination of the total cholesterol
concentration: (a) prepared standard cholesterol oleate solution and (b) cholesterol concentration in real clinical serum samples. (D) Reusability
of the ChEt–ChOx/n-Tm2O3/ITO bioelectrode for the estimation of total cholesterol in real samples.
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of the biosensor at 100 mg dL�1 cholesterol oleate (see Fig. S6 in
the ESI†). The maximum current is obtained at 2 mg mL�1 of
enzyme (ChOx–ChEt) loading. Hence, 2 mgmL�1 of enzyme has
been used to fabricate the desired biosensor.
Effect of interferents, response time, thermal stability,
reproducibility and shelf-life of the fabricated ChEt–ChOx/n-
Tm2O3/ITO bioelectrode

The effect of common interferents (see Fig. S7 in the ESI†) on
the fabricated ChEt–ChOx/n-Tm2O3/ITO bioelectrode has been
estimated by using the equation (Ich � Iint)/Ich, where Ich and Iint
are the steady-state oxidation current recorded for PBS con-
taining an equal amount (1 : 1) of cholesterol oleate (100 mg
dL�1) and normal physiological concentration and 10 times
more than normal physiological concentration of interferents
such as glucose (5.0 & 50 mM), ascorbic acid (0.05 & 0.5 mM),
lactic acid (0.5 & 5.0 mM), urea (1.0 & 10.0 mM), uric acid (0.1 &
1.0 mM) and a mixture of all interferents and comparing these
with the control sample (cholesterol oleate, 100 mg dL�1) using
CV measurements at a 30 mV s�1 scan rate. The value of the
oxidation current response decreases by 4.82%, 7.39%, 3.11%,
0.18%, 4.27% and 5.07% on addition of glucose, ascorbic acid,
lactic acid, urea, uric acid and a mixture of all interferents,
respectively (Fig. 6A) at normal physiological concentration of
the interferents. In addition, the value of the oxidation peak
current response decreases by 2.45%, 0.49%, 5.88%, 0.18%,
4.66% and 3.68% on addition of glucose, ascorbic acid, lactic
acid, urea, uric acid and a mixture of all interferents,
1202 | Nanoscale, 2014, 6, 1195–1208
respectively {see Fig. S7(ii & iii) in the ESI†} in 10 times more
than physiological concentration of the interference.

The response time of the ChEt–ChOx/n-Tm2O3/ITO bio-
electrode (see Fig. S8 in the ESI†) has been measured via
amperometric current response studies of the bioelectrode at
an incubation period of 5 to 60 s. The magnitude of current
increases initially (5 to 40 s) and the sensor achieves 95% of the
steady-state current in less than 40 s. Aer 40 s, the current
becomes almost constant indicating that 40 s is the response
time of the ChEt–ChOx/n-Tm2O3/ITO bioelectrode.

The effect of temperature on reaction kinetics of the
immobilized enzyme of the fabricated ChEt–ChOx/n-Tm2O3/
ITO bioelectrode has been investigated at temperatures
ranging from 15 to 60 �C (see Fig. S9 in the ESI†). The result
shows that the fabricated bioelectrode is thermally stable up
to 50 �C.

The shelf-life of the ChEt–ChOx/n-Tm2O3/ITO bioelectrode
(Fig. 6B) has been investigated by measuring the amperometric
current response in the presence of 100 mg dL�1 standard
cholesterol oleate solution in PBS at a regular interval of 1 day
up to 20 days and then aer a gap of 10 days. It can be seen that
the fabricated bioelectrode retains its enzyme activity up to 97%
aer 20 days, 93% aer 30 days, 89% aer 40 days and falls to
77% aer 60 days when stored under refrigerated conditions
(4 �C). The loss of sensitivity can be attributed to the decay of
enzyme activity and leakage of the enzymes from the matrix. To
evaluate applicability (Fig. 6C) and reusability (Fig. 6D) of this
cholesterol biosensor in clinical analysis, efforts have been
made to estimate the total cholesterol concentration using the
This journal is © The Royal Society of Chemistry 2014
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fabricated ChEt–ChOx/n-Tm2O3/ITO bioelectrode in real clin-
ical serum samples obtained from a clinic located in New Delhi.

Discussion

The TEM studies of n-Tm2O3 show a rod-like structure with a
diameter of 70 nm and with a dense wrinkled rough surface that
is helpful for the immobilization of enzymes (Fig. 2B & C). The
surface morphology of the n-Tm2O3 and the ChEt and ChOx
immobilized electrode has been examined by SEM. The spindle
and bril elongated morphology of the n-Tm2O3 lm changes to
a homogeneous globular porous morphology due to ionic
interactions between n-Tm2O3 and biomolecules, indicating
immobilization of enzymes [Fig. 3B & C]. Moreover, the brous
network of the n-Tm2O3 lm provides increased surface area for
immobilization of biomolecules resulting in enhanced enzyme
loading. The presence of characteristic peaks at 1580 cm�1 and
1181 cm�1 can be assigned to C–O stretching due to amide
bands in protein, revealing immobilization onto the
ChEt–ChOx/n-Tm2O3/ITO bioelectrode via electrostatic interac-
tions. The current response for different concentration of
cholesterol oleate has been measured under optimized experi-
mental conditions (Fig. 5B), working potential (see Fig. S4 in the
ESI†) and amount of enzyme (ChOx + ChEt, 15 mL) has been
used for the immobilization onto the surface of the n-Tm2O3/
ITO electrode and the maximum current is obtained at 2 mg
mL�1 of enzyme loading (see Fig. S5 in the ESI†). The electro-
chemical measurements conducted on a three-electrode system
Fig. 7 (A) Electrochemical response of the ChEt–ChOx/n-Tm2O3/ITO bio
mg dL�1) in phosphate buffer containing [Fe(CN)6]

3�/4� at a scan rate of 30m
and the variation in current as a function of cholesterol oleate concentration
rate of 30 mV s�1. (C) Hanes plot, which plots the substrate concentration (

This journal is © The Royal Society of Chemistry 2014
with ChEt–ChOx/n-Tm2O3/ITO as the working bioelectrode, a
platinum (Pt) wire as the counter electrode and saturated Ag/
AgCl as a reference electrode in phosphate buffer saline (PBS, 50
mM, pH 6.0 and 0.9% NaCl) containing 5 mM [Fe(CN)6]

3�/4� as
a mediator and the signal transducer is in the form of amper-
ometric current. The oxidative and reductive currents are found
to increase on addition of cholesterol oleate solution to obtain
the calibration curve (0–400 mg dL�1) i.e. cholesterol oleate
concentration vs. current. The same set-up has been used for
estimation of cholesterol in real samples. The amperometric
response studies (Fig. 7A) of the ChEt–ChOx/n-Tm2O3/ITO bio-
electrode show oxidation peaks obtained at about 0.43 V cor-
responding to the oxidation of H2O2 arising due to the
enzymatic reaction between enzymes (ChEt–ChOx) and choles-
terol oleate. The magnied image of the sensing response of the
selected area is shown in the inset of Fig. 7A. The increase in
magnitude of the current with increase in cholesterol oleate
concentration (0–400 mg dL�1) is attributed to the increase in
H2O2 concentration by enzymatic reaction, which on oxidation
generates electrons and contributes to the increase in current.
This may be due to a well-aligned cubic crystal structure of
n-Tm2O3 nanoparticles. This interfacial network acts as a
decent acceptor of electrons, which are generated during the
re-oxidation of enzymes and are transferred to the electrode via
Tm(II)/Tm(III) redox coupling, resulting in increased ampero-
metric response. The peak potential shis to less anodic values,
from 0.43–0.41 V, with increasing cholesterol concentration
(8–400 mg dL�1). This behaviour may be ascribed to the
electrode with respect to the cholesterol oleate concentration (0–400
V s�1. (B) Calibration curve of the ChEt–ChOx/n-Tm2O3/ITO bioelectrode
(0–400 mg dL�1) in phosphate buffer containing [Fe(CN)6]

3�/4� at a scan
X-axis) and substrate concentration/current (Y-axis).

Nanoscale, 2014, 6, 1195–1208 | 1203
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availability of more active sites of enzymes associated with a
higher cholesterol concentration and in turn to a lower poten-
tial value. The corresponding calibration curve (Fig. 7B) shows
that the magnitude of the oxidation peak current increases
almost linearly with increasing cholesterol oleate concentration
and saturates at higher concentration of cholesterol oleate.
However, under optimized conditions, the enzyme immobilized
ChEt–ChOx/n-Tm2O3/ITO bioelectrode shows a broad linear
range to analyte in the concentration range from 8 to 400 mg
dL�1 which is relatively better than that reported in the litera-
ture.51,52 The sensitivity of the fabricated bioelectrode calculated
from the slope of the curve is estimated to be 0.925 mA (mg per
dL cm�2)�1 which is found to be better than the reported
value.22,30,47,51–53 The standard deviation and detection limit of
the bioelectrode are found to be 6.097 mA and 19.78 mg
(dL cm2)�1, respectively. Since the desired total plasma
cholesterol for an individual is less than 5.2 mM (200 mg dL�1),
with a high level being considered as greater than 6.2 mM
(240 mg dL�1), the fabricated biosensor covers a wide range of
cholesterol concentration, promising for the clinical diagnos-
tics of total cholesterol. The electrochemical reactions that
occur during the detection of total cholesterol in the presence of
ChEt and ChOx are shown in eqn (5)–(7).

Cholesterol oleateþH2O ���!ChEt
cholesterolþ fatty acidþ ChEt

(5)

CholesterolþO2 ����!ChOx
cholest-4en-3oneþH2O2 (6)

H2O2 ���������������!electrochemical oxidation

0:43 V
2Hþ þO2 þ 2e� (7)

The enzyme–substrate kinetic parameter (Michaelis–Menten
constant, Km) of the ChEt–ChOx/n-Tm2O3/ITO bioelectrode has
been calculated using the Hanes plot i.e. graph between
Table 2 Characteristics of the ChEt–ChOx/n-Tm2O3/ITO cholesterol
biopolymer based cholesterol biosensor reported in the literature, along

SN Material
Linearity
(mg dL�1)

Detection li
(mg dL�1)

1 ChOx/NS–CeO2/ITO 9.67–39.64 9.67
2 ChOx/nano-NiO–CHIT/ITO 10–400 43.4
3 ChEt–ChOx/MWCNT/SiO2–CHIT/ITO 10–500 0.634
4 ChOx/NiFe2O4/CuO/FeO–CH/ITO 5–500 31.3
5 ChOx/nano-ZnO–CHIT/ITO 05–300 5
6 N-(2-Aminoethyl)-3-aminopropyl-

trimethoxysilane SAM
50–500 25

7 (3-Glycidoxypropyl) trimethoxysilane
SAM

100–400 —

8 PANI/ITO 25–400 25
9 Polyaniline 50–500 25
10 ChEt–ChOx/Ufm-Cu2O–CS/ITO 10–450 15.9
11 ChOx/nano-ZnO/ITO 10–300 0.5
12 ChOx/CoO(NPs)/GC 0.16–1.93 0.16
13 ChEt–ChOx/NiFe2O4–CH/ITO 5–400 24.46
14 ChOx/CS–SnO2/ITO 10–400 5
15 ChEt–ChOx/n-Tm2O3/ITO 8–400 19.78

1204 | Nanoscale, 2014, 6, 1195–1208
[substrate concentrations] and [substrate concentration/
current] (Fig. 7C) and is found to be 19.88 mg dL�1 (0.51 mM)
which is much lower than the reported value.2,22,52,53 When the
enzymes are immobilized on the surface of the n-Tm2O3/ITO
lm, a higher concentration of substrate is required to over-
come the effects of the nanostructured lm. Therefore, the Km

value is higher for the immobilized enzyme when compared to
that of the free enzyme. The values of enzyme kinetic properties
are known to depend on the enzyme conformation and its nano-
environment in the interface, stearic effects, bulk and diffusion
effects.54,55 The observed small Km value indicates increased
affinity of the ChEt–ChOx/n-Tm2O3/ITO bioelectrode for the
substrate, which is attributed to the favourable conformation of
bienzyme (ChEt–ChOx) and its more efficient loading onto the
n-Tm2O3/ITO electrode surface. It appears that the n-Tm2O3

lm provides increased activity of the immobilized biomole-
cules perhaps due to their improved conformation and orien-
tation, leading to enhanced interaction and communication
between the enzyme and the substrate molecules at the inter-
face. Additionally, the cholesterol biosensor based on the
n-Tm2O3 modied interface exhibits good selectively and
stability of up to 70 days. Table 2 summarises results of studies
using the ChEt–ChOx/n-Tm2O3/ITO bioelectrode including
those reported in the literature.2,22,23,30,38,47,51–53,56–60

We have investigated the electrochemical performance of
two different nanorods (sample A & sample B) having dimen-
sions as length �800 nm, diameter �85 nm (Fig. S10†) and
length 610 nm and diameter as 70 nm (Fig. 1). Fig S11† shows
the variation of the oxidation current of the n-Tm2O3 (sample
A)/ITO electrode and n-Tm2O3 (sample B)/ITO electrode. It can
be seen that the n-Tm2O3 (sample B)/ITO electrode with smaller
dimensions exhibits improved current response indicating that
the size of n-Tm2O3 nanorods plays a signicant role in the
response of the n-Tm2O3/ITO based cholesterol sensor.
sensor and other metal oxide nanoparticles or metal oxide mixed
with their important parameters

mit Sensitivity
(mA mg�1 dL�1)

Km value
(mM)

Response
time (second)

Shelf-life
(days) Ref.

0.155 2.06 15 — 2
0.808 0.66 15 63 22
0.098 0.052 10 63 23
0.043 0.21 10 90 30
1.41 � 10�10 0.22 15 85 38
0.449 1.5 — 70 47

0.351 0.43 40 70 51

0.776 0.62 — 77 52
0.042 1.94 240 42 53
0.895 0.979 <5 60 56
0.059 0.223 10 56 57
0.001 0.49 15 — 58
1.73 0.18 15 90 59

34.7 3.8 5 42 63
0.924 0.514 40 60 Present

work

This journal is © The Royal Society of Chemistry 2014
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Table 3 Determination of cholesterol in serum samples

S.no
Cholesterol
concentration (mg dL�1)

Values of current obtained
with serum samples (mA)

Values of current obtained for pure
cholesterol oleate samples (mA) % RSD

Spectrophotometry
content (mg dL�1)

1 132 0.326 0.328 0.65 132 � 1
2 137 0.336 0.334 0.55 137 � 0.5
3 170 0.334 0.329 1.57 170 � 1
4 191 0.312 0.321 2.71 191 � 0.5
5 203 0.338 0.329 2.76 203 � 2
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Application of the ChEt–ChOx/n-Tm2O3/ITO bioelectrode to
serum samples

Cholesterol is found in biological media in the free form (about
30% of the total content) or as cholesterol ester (approximately
70% of the total content).23,61 The practical usage of a biosensor is
assessed by the determination of the total cholesterol concen-
tration in human serum, since the concentrations of free
cholesterol and esteried cholesterol in human serum range
between 49 and 80 mg dL�1 and between 81 and 172 mg dL�1,
respectively.62 The concentration of total cholesterol in a real
serum sample has been determined using the following proce-
dure: 15 mL of PBS (50 mM, pH 6.0 and 0.9% NaCl, containing 5
mM [Fe(CN)6]

3�/4�) has been used as the electrolyte solution. The
assay for free cholesterol and esteried cholesterol in serum has
been carried out similar to that for immobilized enzyme except
that the substrate is replaced with pre-treated 10 mL serum
samples diluted with 2.0 mL phosphate buffer. This dilution of
the serum sample is necessary in order to obtain measurement
accuracy due to the saturation behaviours of current response at
higher concentration. The amperometric current response has
been measured both in serum and the standard sample in the
presence of electrolyte under optimized experimental conditions.
It can be seen (Fig. 6C) that the magnitude of current obtained
with serum samples (132, 137, 170, 191, 203 and 214 mg dL�1)
and from the standard cholesterol oleate solution (identical to
the concentrations of the serum samples) is in reasonable
agreement. To validate the accuracy of the fabricated cholesterol
biosensor, the concentration of total cholesterol in serum
samples determined by the fabricated biosensor has been
compared with the value measured by the commercial spectro-
photometric method in the laboratory (Table 3). The results
obtained suggest that the concentration of total cholesterol in
human serum samples determined by using the techniques
developed in the present study is in acceptable agreement with
the results determined using spectrophotometric methods in a
clinic located in New Delhi. Thus, we may utilize the fabricated
ChEt–ChOx/n-Tm2O3/ITO bioelectrode as a new electrochemical
rare earth metal oxide interface for the determination of
cholesterol in clinical diagnostics. The reusability of the fabri-
cated ChEt–ChOx/n-Tm2O3/ITO bioelectrode for the estimation
of cholesterol in the real sample (132 mg dL�1) has been deter-
mined. The results indicate that the bioelectrode can be reused
up to 10 cycles with a loss of 22% current response (Fig. 6D).
Further, this bioelectrode has been used in clinical applications
to estimate total cholesterol levels with negligible interference
(3%) from analytes present in human serum samples.
This journal is © The Royal Society of Chemistry 2014
Conclusions

In summary, a cholesterol biosensor has been fabricated by
immobilizing ChOx and ChEt on the surface of Tm2O3 nanorods
using an electrochemical technique. The Tm2O3 nanorods
modied interface signicantly contributes to improved elec-
tron transfer kinetics, electro-active surface area, diffusion
coefficient and surface concentration. The ChEt–ChOx/n-Tm2O3/
ITO bioelectrode shows a sensitivity of 0.9245 mA (mg per dL
cm�2)�1, broad linear range of 8–400 mg dL�1 for total choles-
terol, standard deviation of 6.0965 mA, detection limit of 19.78
mg (dL cm2)�1 and response time of 40 s. The superior perfor-
mance of the ChEt–ChOx/n-Tm2O3 interface based biosensor is
combined with long-term stability, reproducibility and excellent
specicity to cholesterol in the presence of common interfer-
ents. The ChEt–ChOx/n-Tm2O3/ITO bioelectrode is a potential
platform for determination of total cholesterol in human serum
samples. In view of the excellent characteristics of this
ChEt–ChOx/n-Tm2O3/ITO interface for a total cholesterol
biosensor, efforts should be made to involve international
agencies for speedy commercialization of this bioelectrode. The
enzyme modied n-Tm2O3 electrode interface offers an efficient
strategy and a new promising platform for biomedical applica-
tion of rare earth metal oxide materials towards development of
nanobiosensors, nanobiofuel cells and other bioelectronics
devices. Efforts should be made to ascertain the effect of the size
of the Tm2O3 nanorods on the electrochemical performance of
enzyme (ChOx and ChEt) immobilized Tm2O3. The results of
these studies open a new perspective in rare earth metal oxide
for biomedical applications.
Experimental section
Materials

The reagents used for the synthesis of thulium(III) oxide nano-
rods are as follows. Thulium(III) nitrate pentahydrate (325996-
5G) was purchased from Sigma-Aldrich (USA). The sodium
hydroxide (NaOH) pellets were procured from MERCK (New
Delhi, India). Cholesterol oxidase (C7149, EC 1.1.36 from
Pseudomonas uorescens with a specic activity of 26.4 U mg�1),
cholesterol esterase (C1403, EC 232.808.6 from Pseudomonas
uorescens with a specic activity of 13.13 U mg�1), horseradish
peroxidise (HRP, P8415, 250-330 U mg�1), O-dianisidine
(D9143, 1%) dye, cholesterol oleate (C9253, C45H78O2) and Brij
L23 solution (B4184) were purchased from Sigma-Aldrich (USA).
The stock solutions of ChOx and ChEt (2 mg mL�1) and HRP
Nanoscale, 2014, 6, 1195–1208 | 1205
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(1 mgmL�1) were prepared in phosphate buffer (50mM, pH 7.0)
prior to use. Cholesterol oleate (400 mg dL�1) solution was
prepared by dissolving it (40 mg) in 1% Brij L23 solution as a
surfactant by heating and gentle stirring. The O-dianisidine
(1%) solution was freshly prepared (3 mg mL�1) in de-ionized
water.

Preparation of Tm2O3 nanorods

The thulium oxide (Tm2O3) nanorods were prepared using the
hydrothermal homogeneous method. In brief, rst we prepared
a solution of 200 mM thulium nitrate [Tm(NO3)3, 5H2O] in
20 mL of deionized water and later another solution containing
1 M of sodium hydroxide (NaOH) in 100 mL of deionized water
was separately prepared. Then, the NaOH solution was added
dropwise into the thulium nitrate solution with constant
stirring (pH �12) to obtain a turbid white precipitate at room
temperature (25 �C). The resulting solution was transferred to a
50 mL Teon-lined stainless steel autoclave and maintained at
180 �C for 15 h aer which it was allowed to cool to room
temperature (25 �C). The resulting pale white precipitate was
ltered and washed several times with de-ionized water and
absolute ethanol to eliminate the presence of the ionic
remnants. The precipitate was then dried at 80 �C for 6 h and
calcined at 500 �C for 3 h to obtain n-Tm2O3 nanorods.

Electrophoretic deposition of the n-Tm2O3/ITO lm

Electrophoretic deposition (EPD) was carried out using a DC
battery (BioRad, model 200/2.0) as the power supply. 50 mg of
n-Tm2O3 nanorods was dispersed in 5 mL of double distilled
water and the solution was ultra-sonicated for 30 min. A plat-
inum foil (1 cm � 2 cm) was used as an anode and a hydrolyzed
ITO-coated glass plate as a cathode. The two electrodes, placed
parallel to each other with separation of 1 cm, were dipped in
n-Tm2O3 colloidal suspension. Film deposition was executed
onto an ITO plate (0.25 cm2) at 25 mV for 40 s and then removed
from the suspension followed by washing with de-ionized water
to remove any unbound particles.

Immobilization of ChEt and ChOx onto the n-Tm2O3/ITO
electrode

The immobilization of ChOx and ChEt (1 : 1) was carried out by
uniformly spreading 15 mL of optimal enzyme solution onto the
n-Tm2O3/ITO electrode surface to obtain the maximum current
response. The ChEt–ChOx/n-Tm2O3/ITO bioelectrode was
placed undisturbed overnight in a humid chamber. Finally, the
dry ChEt–ChOx/n-Tm2O3/ITO bioelectrode was immersed in
50 mM phosphate buffer saline (PBS) (pH 7.0, 0.9% NaCl) in
order to remove any unbound enzymes from the electrode
surface. The ChEt–ChOx/n-Tm2O3/ITO bioelectrode was stored
under refrigerated conditions when not in use.

Photometric enzyme activity

The apparent enzyme activity (U cm�2) is dened as one unit of
enzyme activity that results in conversion of 1 mmol of choles-
terol into cholest-4-ene-3-one per minute.63 The experimental
1206 | Nanoscale, 2014, 6, 1195–1208
details are given in the ESI.† The apparent enzyme activity has
been calculated to be 0.865 U cm�2 indicating that 0.865
(54.62%) units of enzyme per cm2 actively participated in the
enzymatic reaction.
Characterization and measurements

The characterization of the Tm2O3 nanorods has been accom-
plished using X-ray diffraction (XRD) and a Rigaku D/Max 2200
diffractometer with CuKa radiation at l¼ 1.540 Å. FT-IR spectra
of the electrodes were recorded using an FT-IR spectropho-
tometer (PerkinElmer, Spectrum BX II). The UV-visible spec-
troscopic studies were conducted using a UV/VIS/NIR
spectrometer (PerkinElmer, Lamda 950). The transmission
electron microscopy (TEM) studies were carried out with a JEOL
JEM-2200 FS (Japan). The surface morphological studies of
Tm2O3 nanorods were investigated using a scanning electron
microscope (LEO-440). X-ray photoelectron spectroscopy (XPS)
studies were performed using an Axis-Nova, Kratos Analytical
Ltd., Manchester, UK. The cyclic voltammetry (CV), electro-
chemical impedance spectroscopy (EIS) and amperometric
measurements were conducted using an Autolab Potentiostat/
Galvanostat (Eco Chemie, The Netherlands).
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